Circadian rhythm is observed in most, if not all, of physiological functions, including metabolism, cell growth, etc.
There is a growing body of evidence that circadian rhythms also govern immunoreactions such as antigen presentation, lymphocyte proliferation, and cytokine expression. [21] [22] [23] More recently, diurnal expression of granzyme B and perforin in natural killer (NK) cells was observed in vivo. 12) These circadian variations in the immune system are likely to be regulated by molecular clocks for the following reasons. First, RNAi-mediated Per2 knockdown caused a significant decrease of granzyme B and perforin levels in the rat-derived NK cell line RNK16. 24) Second, Per2-deficient mice were more resistant to lipopolysaccharide (LPS)-induced endotoxic shock than wild-type mice. 25) Also, the levels of the proinflammatory cytokines gamma interferon (IFN) and interleukin (IL)-1beta were dramatically decreased in Per2
Ϫ/Ϫ mice following LPS challenge, while the productions of tumor necrosis factor alpha (TNFa), IL-6, and IL-10 were approximately equal to those in wild-type mice. 25) Furthermore, studies using BMAL1-deficient mice revealed that BMAL1 is required for B cell development. 26) Although several studies have shown that the immunoreactions and onset of the inflammatory diseases exhibit circadian variation, [27] [28] [29] [30] the molecular details of the circadian rhythms in macrophages are still poorly understood. Therefore, in this study, we attempted to characterize circadian gene expression in mice peritoneal macrophages. We found that the expression of several clock genes such as BMAL1 exhibited daily oscillations in resident peritoneal macrophages. The expression of inflammatory factors such as monocyte chemoattractant protein-1 (MCP-1/JE) exhibited robust circadian rhythms. Suppression of BMAL1 expression by an RNAi technique lowered the nuclear factor-kappa B (NF-kB) activity followed by down-regulation of MCP-1/JE mRNA expression in RAW264.7 macrophage cells. Macrophages are known to play essential roles in immunoreactions and pathogenesis of atherosclerosis and arthropathy. surface markers as described previously. [33] [34] [35] [36] Briefly, peritoneal exudates cells (PECs) were collected by peritoneal lavage with 5 ml of ice-cold phosphate buffered saline (PBS). PECs were washed with PBS, and then resuspended in PBS containing 2 mM EDTA and 0.5% BSA. Trace amounts of B lymphocytes were depleted by the incubation with anti-B220 microbeads (Miltenyi Biotec, Auburn, CA, U.S.A.) followed by magnetic separation on a MiniMACS Separation System (Miltenyi Biotec). Peritoneal macrophages were then enriched by the incubation of B220 negative PECs with antiCD11b microbeads (Miltenyi Biotec). A portion of B220(Ϫ) CD11b(ϩ) cells was stained with FITC-conjugated anti-F4/80 antibody and PE-conjugated anti-B220 antibody, and phenotypical analysis was performed by flow cytometry using a FC500 (Beckman Coulter, Inc., Fullerton, CA, U.S.A.).
Preparation of Opsonized FITC-Zymosan and Phagocytosis assay 37) Zymosan A (S. cerevisiae) conjugated with FITC (Molecular Probes, Eugene, OR, U.S.A.) was reconstituted in the PBS with 2 mM sodium azide at the concentration of 20 mg/ml. To opsonize zymosan, the reconstituted solution was mixed with equal volumes of the fetal bovine serum (FBS) and incubated at 37°C. After 1 h, the particles were washed with PBS and resuspended in PBS (adjusted to 1ϫ10 10 zymosan particles/ml). Peritoneal macrophages (1.5ϫ10 5 cells) were incubated with 1.5ϫ10 7 of FITC-conjugated zymosan particles in RPMI1640 supplemented with 10% heat inactivated FBS for 30 min at 37°C. Then the cells were washed with PBS three times to remove the unbound zymosan particles and fixed with formalin. The number of FITC-positive cells was counted on the fluorescence microscope and represented as a percentage of the total number of cells.
RNA Extraction and Real-Time PCR Analysis Total RNA was extracted from peritoneal macrophages using TRI reagent LS (Sigma, St. Louis, MO, U.S.A.) according to the manufacturer's instructions. To perform quantitative RT-realtime PCR assay (RT-qPCR), total RNA (1 mg) was reverse transcribed using oligo dT primer. A portion of the cDNA (corresponding to 0.1 mg of total RNA) was amplified on MX3000P (Stratagene, La Jolla, CA, U.S.A.) using Platinum SYBR Green qPCR SuperMix-UDG (Invitrogen, Carlsbad, CA, U.S.A.). Table 1 lists the primer pairs used.
Cell Culture RAW264.7 cells (RIKEN Cell Bank, Ibaraki, Japan), a murine macrophage cell line, were maintained in minimum essential medium Eagle with non-essential amino acids (Sigma) supplemented with 10% FBS, 2 mM L-glutamine, and a cocktail of antibiotics.
Reporter Gene Assay The promoter region of monocyte chemoattractant protein-1 (MCP-1/JE) (Ϫ3754 to ϩ1) was amplified by PCR from genomic DNA isolated from NIH3T3 cells. The DNA fragment was subcloned into pGL3 basic vector. A reporter plasmid, pNF-kB-SEAP, containing the secreted alkaline phosphatase (SEAP) gene under the four tandem copies of the consensus NF-kB site was purchased from Takara Clontech (Palo Alto, CA, U.S.A.). These reporter plasmids were delivered into RAW264.7 cells together with the proper internal control plasmids by lipofection. Transfected cells were maintained in conventional medium for 48 h, and then the reporter activity was determined using a commercial kit according to the manufacturer's instructions.
Small Interfering RNA (siRNA) 38) RAW264.7 cells were cultured in 12 wells plates until 60% confluent. The cells were transfected with either scrambled control siRNA or siRNA targeted for the BMAL1 gene at a concentration of 100 nM by using X-tremeGENE siRNA transfection reagent (Roche, Mannheim, Germany). Transfected cells were maintained for 48 h, and then RNA was extracted.
RESULTS

Circadian Rhythm of Phagocytosis Activity in Mouse Peritoneal Macrophages
In this study, peritoneal macrophages were isolated based on the expression of specific antigen (CD11b) as described previously. [33] [34] [35] [36] FACS analysis showed that more than 90% of cells in this preparation were F4/80 (macrophage marker) positive (Fig. 1) . Also, approximately 98% of cells can detach on culture vessel with in a few minutes (data not shown). Note that B1 cells are the major subpopulation of B lymphocytes in the peritoneal cavity and weakly express CD11b. 39) However, less than 10% of cells in this preparation express B220 antigen (B lymphocytes marker) (Fig. 1) . Although CD11b is also expressed in NK cells, 40) there were no cells expressing the CD49b antigen, a specific cell surface marker of NK cells, 41) in the CD11b antigen-positive fraction used in this study (data not shown). Consequently, although we do not exclude the possibility of contamination of, if any, non-macrophage cells, we were led to conclude that the results obtained using this preparation reflect the functions of peritoneal macrophages.
We first examined whether the physiological functions of Peritoneal macrophages were purified from peritoneal exudates cells of C57BL/6J mice by depletion of B220ϩ cells (B lymphocytes), followed by positive selection for CD11bϩ cells using a magnetic cell sorting system. Aliquots of cells purified were stained with PE-conjugated anti-B220 and a FITC-conjugated against the macrophage marker F4/80. Cell populations were analyzed by flow cytometry. macrophages show circadian variation. Mouse peritoneal macrophages were isolated every 4 h and incubated with FITC-zymosan. The phagocytosis activity of the cells was determined by counting the number of FITC-positive cells. As shown in Fig. 2 , the phagocytosis activity in peritoneal macrophages peaked at ZT 6, followed by a gradual decline until ZT 18.
Circadian Genes Expressions in Mouse Peritoneal Macrophages Phagocytosis triggers expression of cytokine expression in macrophages. 42) Thus, the results shown in Fig.  2 suggest that expression of cytokine/chemokine also displays circadian rhythm in peritoneal macrophages. Therefore, in a next set of experiments, diurnal changes in expression of cytokine/chemokine were determined. Among the cytokine and chemokine mRNAs measured in this study, the expression of MCP-1/JE mRNA displayed most robust oscillation during the day (Fig. 3D) , whereas its high-affinity receptor, chemokine (C-C motif) receptor 2 (CCR2), was constantly expressed (Fig. 3E) . Expression of other cytokines including IL-1b, IL-6, and TNFa oscillated weakly but significantly as assessed by ANOVA (Figs. 3A-C) . Diurnal changes in gene expression are regulated by molecular clock system in cells. [17] [18] [19] [20] Thus, expression of clock genes in peritoneal macrophages was determined. The expression of BMAL1, a core transcription factor of the circadian clock, showed clear circadian oscillation (Fig. 4A) . Much as in other peripheral tissues such as the liver, the BMAL1 mRNA level peaked at ZT 22-2 and bottomed during ZT 10-14 (Fig. 4A) . The expression of CLOCK, a dimerization partner of BMAL1, was maintained at an almost constant level throughout the day (Fig. 4B) . With regard to BMAL1/CLOCK target genes, the expressions of Per1, Rev-erb a, and Dbp showed robust circadian rhythms (Figs. 4C, E, F) . These genes were expressed most abundantly at ZT 10, and down-regulated during the dark phase. The expression of Per2, another target gene of BMAL1/CLOCK, also oscillated during the day (Fig. 4D) . However, its pattern of expression was slightly different from those of the other genes, i.e., while other BMAL1/CLOCK target genes such as Per1 peaked at ZT 10, Per2 expression was delayed and peaked at ZT 14. The RAR-related orphan receptor alpha (ROR a) was expressed with weak but significant oscillation (Fig. 4G) .
Effects of BMAL1 siRNA on the MCP-1/JE Expression in RAW264.7 Cells The results shown in Fig. 3 , the expressions of several cytokines and chemokines showed circadian rhythm. Among them, MCP-1/JE mRNA expression showed most robust circadian variation (Fig. 3D) . Thus, to understand roles of clock gene in circadian gene expression of cytokines and chemokines in macrophages, we focused on analysis of molecular mechanism by which MCP-1/JE mRNA expression oscillate during the day. To examine whether BMAL1 is involved in regulation of the circadian expression of MCP-1/JE mRNA, BMAL1 expression in RAW264.7 macrophage cells was suppressed by an RNAi technique and MCP-1/JE expression was determined. After 48 h of transfection of siRNA, the levels of BMAL1 mRNA and Rev-erb a mRNA, a target gene of BMAL1, were significantly decreased in the cells transfected with BMAL1-specific siRNA (Figs. 5A, C ). Similar to the expression level of these genes, the expression level of MCP-1/JE mRNA was 
Fig. 3. Circadian Gene Expression of Inflammation Factors in Mouse Peritoneal Macrophages
Peritoneal macrophages were obtained from C57BL/6J mice at every 4 h. Total RNA was isolated, and the level of mRNA was determined by RT-qPCR using specific primers. Relative mRNA levels were normalized to the b-actin level. The values were plotted as a percentage of the maximum value. Data represent the meanϮS.E.M. of 4 animals. ᮀ; light period. ; dark period. substantially decreased in BMAL1 knockdown cells (Fig.  5D) . Suppression of BMAL1 expression had no effect on the level of CLOCK and CCR2 in RAW264.7 cells (Figs. 5B, E) .
Regulation of MCP-1/JE Expression by BMAL1 through the Activation of NF-k kB The results described above (Figs. 3-5) indicated that BMAL1 plays a role in the regulation of MCP-1/JE expression. Therefore, we next examined the transactivation activity of BMAL1/CLOCK on the MCP-1/JE promoter (Fig. 6) . The luciferase reporter gene driven by the promoter/enhancer of MCP-1/JE was constructed and transfected into RAW264.7 cells with the expression vectors of BMAL1 and CLOCK. As reported previously, 38) BMAL1/CLOCK enhanced the promoter/enhancer activity of the Rev-erb a gene (Fig. 6) . In contrast, the MCP-1/JE promoter was less activated by BMAL1/CLOCK (Fig.   6 ). These results suggest that BMAL1 indirectly regulates MCP-1/JE expression by a mechanism distinct from those of Rev-erb a and Per1. Several lines of evidence have demonstrated that the NF-kB controls expression of the MCP-1/JE gene. 43, 44) Therefore, the NF-kB activity in BMAL1 knockdown cells was determined. As shown in Fig. 7 , the activity of NF-kB in BMAL1 knockdown macrophage cells was approximately 20% of that in the control cells.
DISCUSSION
In this study, we demonstrated that macrophages possesses the autonomous molecular clock machinery, which is similar to those in SCN and other peripheral tissues, such as liver and adipose tissue (Fig. 4) . [7] [8] [9] [10] [11] [12] The presence of molecular clock system in macrophage suggests that macrophages functions display circadian rhythm. As shown in Fig. 2 , phagocytosis activity in peritoneal macrophages exhibited circadian variation that peaked in the light period and bottomed in the dark period. Phagocytosis triggers the activation of NF-kB followed by induction of several cytokine/ chemokine expressions in macrophages. 42) Indeed, the expression of several cytokines exhibited circadian oscillation and the pattern of diurnal changes were similar to that of phagocytosis in macrophages (Fig. 3) . These diurnal changes of phagocytosis activity followed by induction of cytokine/ chemokine expressions in peritoneal macrophages were activated without exogenous stimulants such as bacterial infection. Consequently, these results suggest that macrophages functions are at least partly regulated by autonomous molecular clock machinery and a series of immune reaction regulated by macrophages display circadian rhythm.
Among the cytokine/chemokine genes examined, MCP-1/JE mRNA level exhibited most robust circadian oscillation (Fig. 3D) . Although BMAL1 is involved in regulation of MCP-1/JE expression (Figs. 5, 6) , the manner by which BMAL1 induces MCP-1/JE is unlikely direct regulation, since MCP-1/JE gene lacks BMAL1/CLOCK binding site. The expression of IL-1b, IL-6, and TNFa displayed significant but relatively mild diurnal variation (Figs. 3A-C) .
Comparison of gene structure of these factors to that of MCP-1/JE revealed that MCP-1/JE gene contains at least three functional NF-kB binding sites, 43, 44) whereas the genes of IL-1b and IL-6 contain only one NF-kB binding site. 45, 46) With regards to murine TNFa gene, four NF-kB binding sites were identified in promoter region. 47) However, only two of them are functional and one of other sites has suppressive activity. 47, 48) Therefore, the differences between MCP-1/JE and others in amplitude of circadian gene expression are likely due to difference in the number of functional NF-kB binding site in its promoter region. As shown in Fig. 7 , BMAL1 regulates NF-kB activity. Consequently, BMAL1/ CLOCK may regulate circadian gene expressions of MCP-1/ JE, and, presumably, other cytokines/chemokines via activation of NF-kB.
In Fig. 7 , we demonstrated that BMAL1 regulates NF-kB activity. The level of NF-kB components such as p65, p50 and the related factors are expressed almost constantly during the day (data not shown), suggesting that BMAL1/ CLOCK regulates the activity of NF-kB rather than the expression level. NF-kB activity is mainly regulated by phosphorylation status of the subunits. 49) Therefore, detail analysis of diurnal changes in phosphorylation status and DNA binding activity of NF-kB may uncover the molecular mechanism by which BMAL1 regulates NF-kB activity. Since both NF-kB and BMAL1 are involved in a variety of cellular responses, 50, 51) understanding the crosstalk between NF-kB and BMAL1 may provide new aspects especially on immune regulation, inflammation, cell survival, and proliferation. Studies using MCP-1/JE deficient mice revealed that this factor is required for monocytes recruitment in response to exogenous stimulants. 52) Therefore, together with circadian variation of phagocytosis activity, the induction of MCP-1/JE without exogenous stimulants during the light phase could allow the cell to rev up for efficient and robust responses to various stimuli as in the case of interferon. 53, 54) Also, a high level of MCP-1/JE expression was observed in atherosclerotic lesions, and this may lead to induction of inflammation and development of atherosclerosis. 55) Interestingly, the onset of cardiovascular pathologies is preferentially observed during the morning hours. 28, 29) Therefore, the higher expression level of MCP-1/JE during the light phase could be associated with a higher incident of the atherosclerotic diseases during the morning time.
This report is the first to show that molecular clock system regulates macrophages function. Consequently, the results obtained in this study provide not only further insight into host defense mechanisms, but also better opportunities to study the possibility of chronotherapy for immune disease.
